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ABSTRACT We present an experimental validation of the distorted Born iterative method with the two-
step iterative shrinkage thresholding (DBIM-TwIST) algorithm for the problem of brain stroke detection
and differentiation, using an anatomically accurate, multi-layer head phantom. To this end, we have
developed a gelatine-based, anatomically complex head phantom which mimics various brain tissues and
also includes a target mimicking hemorrhagic or ischemic stroke. We simulated the model and setup using
CST Microwave Studio and then used our experimental imaging setup to collect numerical and measured
data, respectively. We then used our DBIM-TwIST algorithm to reconstruct the dielectric properties of
the imaging domain for both simulated and measured data. Results from our CST simulations showed
that we are able to locate and reconstruct the permittivity of different stroke targets using an approximate
initial guess. Our experimental results demonstrated the potential and challenges for successful detection

and differentiation of the stroke targets.

INDEX TERMS Distorted born iterative method,

detection.

inverse scattering, microwave tomography, stroke

. INTRODUCTION

EREBROVASCULAR accidents (brain strokes) are
C among the leading causes of death and disability
worldwide [1]. Brain strokes are caused by a ruptured (hem-
orrhagic) or a blocked (ischemic) vessel. Determining the
stroke type as early as possible is crucial, as the wrong or
delayed treatment could be lethal [2]. Currently, magnetic
resonance imaging (MRI) and computed tomography (CT)
scans are widely used as acute-care imaging methods for
stroke detection [3]. However, their use for pre-clinical diag-
nosis or continuous monitoring is limited by cost, size and
mobility [4]. Furthermore, safety concerns have been raised
regarding the ionized radiation emitted by CT scans [5].

The above challenges motivated the development of novel
imaging methods that aspire to be fast, safe, portable and
cost-effective. Microwave imaging (MWI) [6] is among the
candidates to satisfy these requirements towards detecting
and monitoring brain stroke in the pre-hospital or post-acute
stage.

MWI exploits the dielectric contrast between different
human tissues [7], [8]. In the last 40 years, extended
research has been conducted towards the development of
MWI systems for various medical conditions like breast
cancer and brain stroke detection [9]-[24]. For brain stroke
detection and classification, human trials have been reported
in [14], [22] and [24]. An auspicious case report by [25]
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presented images from a novel, portable electromagnetic
scanner used in patients with either hemorrhagic or ischemic
stroke. The presented images are encouraging. However,
while such clinical studies are the main target for MWI
stroke detection, they cannot be used to fully evaluate the
accuracy in estimating the dielectric properties of the stroke
and hence the system’s ability to differentiate hemorrhagic
from ischemic stroke. The problem has also been studied
using inverse problems theory such as in [26] and [27],
which showed that the optimal frequency range and number
of antennas for a MWI head scanner should be 0.5-2.0 GHz
and 24, respectively.

MWI techniques for the brain include microwave tomo-
graphic (MWT) and radar approaches [28]. Radar methods
produce maps of backscattered energy [28]-[30], while
MWT reconstructs the dielectric properties of the unknown
region by solving an inverse scattering electromagnetic (EM)
problem [11], [31]. Hybrid methods have also been proposed
as in [32], which uses information from a radar-based
algorithm to locate the target and then applies MWT to esti-
mate the brain’s and target’s dielectric properties. Machine
learning approaches have also been proposed for brain
stroke classification and they have shown to be potentially
fast, robust, and accurate [22], [33]-[36]. More specifi-
cally, [37] conducted animal experiments using a non-contact
microwave-based stroke detection system for classifying the
type of the stroke, as well as monitoring the severity and
the progress of the stroke by using different metrics. The
main disadvantage of the above-mentioned approaches is
the lack of images which could limit their clinical adoption.
Moreover, machine learning methods require large data-sets,
which are difficult to obtain for a technology that is yet to
be clinically adopted.

MWT algorithms for brain imaging face two main chal-
lenges: the increased anatomic complexity of the head
combined with high dielectric contrast between individual
tissues, and the need for a robust algorithm that can over-
come the non-linearity and ill-posedness of the resulting
inverse problem [38]. To assess MWT performance against
these challenges, numerical and experimental phantoms that
mimic the structure and dielectric properties of the brain have
been developed, e.g., [39]. While the dielectric properties of
normal brain tissues have been widely reported [7], [8], there
is little information on the dielectric properties of ischemic
tissues. To the best of our knowledge, [40] is the only study
that measured the dielectric properties of ischemia-infected
areas ex-vivo. In this paper, it was reported that the properties
of ischemic tissues vary from —10 to —25% in comparison
with the dielectric properties of healthy brain tissue.

Several solutions have been proposed and compared
(e.g., [9], [41]) to deal with the EM inverse scattering
problem. In [33], a multi-step learning-by-examples strategy
has been presented and validated for brain stroke detec-
tion, identification, and localization, using a simplified head
phantom made by and octagonal prism filled with the dielec-
tric properties of average brain and with circular cylinders
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which mimic the two types of the stroke. The study in [42]
presented a novel non-linear S-Parameters inversion method
for stroke imaging based on Lebesgue spaces with non-
constant exponents. The experimental prototype included a
liquid-filled 3-D SAM phantom which mimics the dielectric
properties of average brain in the presence of a stroke-like
target. The presented simulation and experimental results at
1 GHz were very promising, but a further assessment of the
method using a multi-layered phantom in a wider frequency
range is needed. The distorted Born iterative method with
the two-step iterative shrinkage/thresholding (DBIM-TwIST)
linear inverse solver has been proposed in [43]. Recently, the
algorithm has been used to reconstruct images from experi-
mental or numerical three-dimensional (3-D) data [44], and
it has been tested with both finite-difference time-domain
(FDTD) as well as finite element method (FEM)-based
forward solvers [45].

Three-dimensional (3-D) MWT algorithms in medi-
cal imaging have been presented in [31], [46]-[48] but
mainly for breast imaging. For the problem of head
imaging, [49], [50] used scattered signals from 3-D head
phantoms applying FDTD and FEM, respectively, while [9]
suggested incorporating FEM with TSVD. Moreover, recent
work [44] presented a 3-D DBIM implementation com-
bined with the fast iterative shrinkage/thresholding algorithm
(FISTA), which showed promise in imaging complex numer-
ical head models. We have also validated experimentally our
two-dimensional (2-D) DBIM-TwIST algorithm and imaging
system with simplified head phantoms, for which we showed
our method’s potential to differentiate stoke types [18].

The aim of this paper is to experimentally validate further
our 2-D and 3-D DBIM-TwIST algorithms for stroke detec-
tion and differentiation using a novel multi-layer head phan-
tom. To this end, we have developed a new realistic phantom
that mimics the head anatomy, which is derived from to
the MRI-based, numerical phantom [51]. We then sur-
rounded this ‘“Zubal” phantom with a 3-D array of antennas
immersed in our imaging prototype presented in [18], [19],
and we obtained numerical (via CST Microwave Studio) and
experimental data. Our results demonstrate the potential of
reconstructing successfully the dielectric properties of differ-
ent targets when only an approximation of the head phantom
is known a priori.

The remainder of the paper is organized as follows:
Section II details the methodology of constructing the “Zubal”
head phantom and its properties, and presents the DBIM-
TwIST algorithm and 3-D data acquisition process. Section IIT
presents our numerical and experimental results for hemor-
rhagic and ischemic stroke-like targets, followed by Section IV
which discuses our findings and explores our future work.

Il. METHODOLOGY

A. HEAD PHANTOM CONSTRUCTION

We derived our Zubal phantom from a 2-D axial x — y
slice taken from the original MRI-derived Zubal head
phantom [51], which was then extended by a few cm along
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FIGURE 1. (a) The Zubal head model section; (b) Simplified CAD model for
fabrication; (c) Top view of the Zubal model on CST; (d) Side view of the Zubal model
on CST. The phantom includes the following head layers: Skin, bone, CSF, grey matter,
white matter and the target.

the z axis. We imported this 3-D model in CAD software to
simplify its structure so that it is easy to fabricate and work
with, without sacrificing much of its complexity (Fig. 1(a)
and Fig. 1(b)). For our simulation, we imported the CAD
model on CST which from now on we will refer to as
the “Zubal model”. The simulated phantom and setup are
shown in Fig. 1(c) and Fig. 1(d). We filled each layer of
the phantom with the dielectric properties of different head
tissues having created a anatomically accurate 5-material
head model. We placed a cylindrical target at the top right,
inside the white matter area, with radius p = 12.5 mm
and height h = 100 mm. The phantom was immersed in
our imaging setup presented in [18], which includes eight
antennas placed in an elliptical array configuration with
major and minor axes equal to 205 mm and 148 mm,
respectively.

To validate our algorithm experimentally, we prepared a
novel gelatine-based head phantom in accordance with the
anatomy and the dimensions of the Zubal model. The mould
form consists of six compartments which create the sequence
of the tissue mimicking materials needed for our assembly.
The moulds were fabricated using a Zortrax M200 FDM 3-D
printer in a complementary manner using two moulds showed
in Fig. 2(a) and Fig. 2(b). This methodology for the creation
of the phantom allows a more accurate validation as it avoids
the presence of 3-D printed infill patterns that irregularly
encapsulate fluids. The adverse effect of the presence of
plastic in phantoms which use it as support was demonstrated
in [52].
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FIGURE 2. Top view of the moulds constructing the Zubal head phantom from
gelatine-based tissue mimicking materials: (a) First mould (bone, grey matter, and
target); (b) Second mould (skin, CSF and white matter); (c) Final phantom with five
tissues and target.

FIGURE 3. Demoulding process.

Having prepared the tissue-mimicking gels, we poured
them in the desired compartments in Fig. 2(a) and Fig. 2(b),
and we allowed them to dry for at least 8 hours depending on
their concentration. To extract the gels from the moulds we
initially submerged the moulds in warm water so the outer
layers could slide out easier, whilst we were applying small
amount of air pressure at the lower part of the mould (Fig. 3).
Once the gels were extracted, we stacked the materials within
each other and wrapped the assembly using a thin plastic
film to prevent it from drying. The final Zubal model is
presented in Fig. 2(c).

We prepared the tissue-mimicking materials for skin, bone,
cerebrospinal fluid (CSF), grey matter, white matter, blood
and ischemia by following the process presented in [18].
Table 1 shows the concentrations of the materials used for
preparing each layer of the phantom.

Fig. 4 displays the measured dielectric properties of the
prepared phantoms for skin, bone, grey matter, white matter
and ischemia, respectively. We note that the figure does not
report the measured properties of CSF/h-stroke, as the mate-
rial was not set at the time of the dielectric measurements.
The preparation of CSF/h-stroke does not require the addition
of oil, which is the most challenging step in the prepara-
tion process and can lead to variations in the final dielectric
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TABLE 1. Concentrations of materials used for 100 ml of tissue mimicking
phantoms. For each tissue mimicking phantom we also use 1 ml of propanol and 1 ml
of surfactant.

Water | Gelatine powder | Kerosene + Safflower oil
Skin 73 ml 13 gr 15 ml
Bone 45 ml 5 gr 50 ml
CSF/h-stroke | 80 ml 17 gr - ml
Grey matter 75 ml 12 gr 13 ml
White matter | 70 ml 10 gr 20 ml
i-stroke 55 ml 10 gr 35 ml
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FIGURE 4. Measured dielectric properties of the produced tissue mimicking
materials against reference values taken from CST: (a) permittivity, and

(b) conductivity. Note that there appears to be a measurement error for the bone
phantom above 1.2 GHz.

properties of the phantoms. Preparing phantoms that mimic
the dielectric properties of CSF or h-stroke requires only
dissolving the gelatine within the water. Therefore, we can
safely assume that we can achieve the properties reported
at [18]. For the CSF/h-stroke fabricated phantom of [18]
the permittivity at 1 GHz is 68, while the conductivity is
0.3 S/m and 1.2 S/m for h-stroke and CSF respectively. The
measurements were performed using Keysight’s dielectric
spectroscopy kit, over a 0.5-1.5 GHz frequency range at dif-
ferent points. The plots reveal a very good agreement with
the reference permittivity taken from CST (Fig. 4(a)), but
lower conductivity values for skin and grey matter phantoms
(Fig. 4(b)). As there is no literature regarding the dielectric
properties of ischemia in a wide frequency range, we made
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FIGURE 5. (a): The imaging tank with the immersed Zubal model. (b): Flowchart of
the DBIM method.

the assumption that the ischemic properties are 25% less
than the dielectric properties of healthy brain tissue [40].

B. IMAGING METHODOLOGY
The Zubal model was positioned in the middle of the
300 mm diameter cylinder tank, as shown in Fig. 5(a). It
was surrounded by eight spear-shaped antennas [19] in an
elliptical array, and the imaging tank was filled with 90%
glycerol-water. The choice of the antenna number, as well as
the choice of the matching medium have been extensively
reported in [18]. The tank was made of acrylic and was
surrounded by an absorber (ECCOSORB MCS) which was
confined by a metallic shield. The setup was surrounded
by vacuum and the measurements were performed in the
frequency range of 0.5 to 1.5 GHz. For every studied case,
two scenarios were examined. First, we considered a sce-
nario without a target (“NT”), where the target area was
filled with the dielectric properties of the white matter. For
the “WT” scenario we filled the equivalent target territory
(radius p = 12.5 mm and height h = 100 mm) with the
dielectric properties either of blood or of ischemia. For each
scenario and for M frequency points, the eight antenna-array
captured the MWT data, resulting into a 8x8xM scattering
matrix, which was then fed and processed by our algorithm.
The 2-D version of DBIM has been described extensively
in our previous work, such as [18]. More specifically, DBIM
solves the EM integral equation under the distorted Born
approximation at each iteration as follows:

Eg(ry, rm) = Et(rn’ Tm) — Eb(rm rm)
= w’u / G (rn, 1Ep(r, 1) (€(r) — €5 (r)dr)
\%
(1)

where E;, E; and E, are the total, scattered and back-
ground fields respectively, while r, and r, indicate the
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TABLE 2. Debye parameters of the forward model.

Material type Ae €co os
90% glycerol-water | 6.56 16.86 | 0.3232
Average brain 45.8 | 0.1244 | 0.7595

transmitter and receiver positions and Gj, denotes the Green’s
function for the background medium. The contrast func-
tion (e(r) —€p(r)) indicates the dielectric difference between
the reconstructed and the background complex permittivity.
Both Ej and Gy, are calculated with a forward solver based
on the finite-difference time-domain (FDTD) method [43].
While (1) is a two-dimensional TM integral equation, it can
be used to implement the 3-D DBIM if we consider that only
electric fields along the polarization direction of the anten-
nas are significant [31], [44]. To overcome the ill-posedennes
of the linear system resulting from discretizing (1) at each
DBIM iteration, we use the two-step iterative shrinkage
thresholding (TwIST) method which splits the matrix into a
two-step iterative equation. The contrast function is calcu-
lated iteratively and is added to the background profile until
a convergence is reached [18]. A flowchart of the method
is presented at Fig. 5(b).

Our forward model consists of both a 2-D and 3-D depic-
tion of the set-up for the two versions of the DBIM-TwIST
respectively. It includes the tank filled with the dielectric
properties of 90% glycerol-water and an ellipsoid that rep-
resents the Zubal model filled with the dielectric properties
of the average brain. The axes of the 2-D ellipsoid are
153 mm and 112 mm long and they represent the actual
size of the phantom’s axial slice at the height where the
antennas are located. The dimensions of the 3-D ellipsoid
are 170x130x100 mm long.

As the forward models are simplified versions of our
experiment, they are not identical and hence there are differ-
ences between the real and the FDTD simulated models. The
algorithm simulates the setup’s antennas with line sources
placed at the same location as their feeding point. To mini-
mize the mismatch between the simulation or the experiment
and the forward model, we calibrated our forward model by
employing a “no target” scenario, as in our previous work
(e.g., [18]). We calculated the signal difference between the
inverse and the forward “no target” cases and we used this
difference to calibrate the scattered data taken from the “with
target” scenario.

To model the frequency-depended behavior of the human
tissues, we applied the single-pole Debye model for the
complex permittivity €, [18]. Table 2 presents the Debye
parameters of the “initial guess” model that were used with
the FDTD forward solver to calculate the 2-D (transverse
magnetic wave) and 3-D (full wave) fields. The calculation
of full wave fields is the main difference between the 2-D
and the 3-D version of the algorithm. The Debye parameters
are calculated and updated at each iteration until we reach
a fixed number of iterations or the difference between the
“measured” and calculated electric fields is minimized. We
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FIGURE 6. CST model of a simplified brain phantom surrounded by 16 antennas in
2 elliptical arrays.

employ DBIM-TwWIST to reconstruct the Debye parameters
with a 2 mm resolution grid. We have observed that the
reconstructed results do not improve significantly when we
apply more than 20 iterations, and hence we chose to perform
20 DBIM iteration for both 2-D and 3-D versions of DBIM-
TwIST. This number is a trade-off between the accuracy and
the total execution time.

For the 3-D code, we employed the Nvidia GPU Tesla
K20c to accelerate the 3-D FDTD execution with CUDA,
and MATLAB MEX functions to incorporate the GPU code
with the DBIM code in MATLAB. The environment was
based on MATLAB R2020b, CUDA 8.0 and VS 2015. The
implementation of DBIM-TwIST with a GPU-based FDTD
forward solver was extensively described in [44]. By the
means of an example, using the 3-D DBIM-TwIST, for the
case of the Zubal model with h-stroke, the elapsed time
for each antenna is 81 seconds, meaning that the running
time for each iteration is roughly 11 minutes when using
8 monopole antennas. For the 2-D code we do not need
GPU acceleration for the forward solver. The running time
for each iteration, when using 8 antennas, is 12 seconds
using MATLAB R2020b on an Intel i7 processor with 16
GB RAM memory.

lll. COMPARISON OF 2-D AND 3-D DBIM-TWIST FOR A
3-D IMAGING PROBLEM

In this section we present an initial validation and
assessment of the 3-D algorithm for the case of a simpli-
fied homogeneous elliptical brain phantom in the presence
of a small stroke-like target, surrounded by a 3-D antenna
array arranged in two cylindrical rings. We also compare
the capabilities of the 2-D and 3-D versions of the algo-
rithm to confirm the hypothesis that 3-D DBIM-TwIST
can result in more accurate reconstructions for 3-D inverse
problems.

Fig. 6 illustrates the brain phantom immersed in our imag-
ing setup presented at [18]. The phantom is surrounded by
16 monopole antennas in two different arrays, which form
two offset rings of 8 elements each. To mimic the h-stroke
or the i-stroke, we have examined the same configuration in
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FIGURE 7. First row: Reconstructed permittivity for the phantom of Fig. 6, for h- and
i-stroke using 2-D DBIM-TwIST and the bottom array of antennas; Second row:
Reconstructed conductivity for the phantom of Fig. 6, for h- and i-stroke using 2-D
DBIM-TwIST and the bottom array of antennas; Third row: Reconstructed permittivity
for the phantom of Fig. 6, for h- and i-stroke using 2-D DBIM-TwIST and the top array
of antennas; Fourth row: Reconstructed conductivity for the phantom of Fig. 6 for h-
and i-stroke using 2-D DBIM-TwIS and the top array of antennas.

the presence of a 20 mm diameter and 20 mm height target,
located between the two heights of the antennas. The Debye
parameters of the target and of the average brain have been
assigned by curve fitting from CST data [53]. As explained
in our Methodology section, the inverse model used in our
imaging algorithm considers a 2-D (112 x 153 mm), or a
3-D (112 x 153 x 100 mm) ellipsoid, for the two versions
of the algorithm respectively. The algorithm considers point
sources which form an elliptical array and are located at
the same height in 3-D case as the antennas in the CST
simulation.

Figs. 7-10 present the reconstructed permittivity and con-
ductivity at 1.0 Ghz for the phantom of Fig. 6 for h- and
i-stroke respectively, using both 2-D and 3-D versions of
the DBIM-TwIST. More specifically, Fig. 7 shows the 2-D
reconstructed permittivity and conductivity using either the
top or the bottom array of antennas in our forward model.
Figs. 8-10 demonstrate the sagittal, axial and coronal planes
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FIGURE 8. First row: Y-Z slice of 3-D reconstructed permittivity for the phantom of
Fig. 6 for h- and i-stroke; Second row: Y-Z slice of 3-D reconstructed conductivity for
the phantom of Fig. 6 for h- and i-stroke.
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FIGURE 9. First row: X-Z slice of 3-D reconstructed permittivity for the phantom of
Fig. 6 for h- and i-stroke; Second row: X-Z slice of 3-D reconstructed conductivity for
the phantom of Fig. 6 for h- and i-stroke.

at y-z, x-z and x-y slices from the 3-D reconstructions,
respectively.

We observe that both versions of the algorithm can suc-
cessfully locate and detect the dielectric permittivity of the
target. However, the 3-D algorithm achieves more accurate
results for both cases of stroke, as it combines information
from both rings in an efficient way. Importantly, the 3-D
DBIM-TwIST leads to a clear improvement in estimating the
target’s conductivity relative to 2-D reconstruction based on
either ring. Having established the benefits of 3-D imaging,
our subsequent results focus on validating the 3-D DBIM-
TwlIST experimentally, as well as compare its performance
with the 2-D version of the algorithm. The experimental
setup and respective CST model, however, does not include
two antenna rings due to the smaller size of the experimental
phantom. In this respect, the setup in these results resembles
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FIGURE 10. First row: X-Y slice of 3-D reconstructed permittivity for the phantom of
Fig. 6 for h- and i-stroke; Second row: X-Y slice of 3-D reconstructed conductivity for
the phantom of Fig. 6 for h- and i-stroke.

a 2-D configuration, but the 3-D results are still relevant as
they are derived from the 3-D algorithm which reconstructs
a fully 3-D region.

IV. RESULTS WITH THE ZUBAL PHANTOM

This section presents reconstruction results from our Zubal
model in the presence of a hemorrhagic and an ischemic
stroke. Our aim was to assess our imaging system’s ability
to determine the type of stroke from estimating its dielectric
properties using the 2-D and 3-D DBIM-TwIST algorithm.
We have examined both CST-calculated and experimental
data, and we have compared our 2-D and 3-D results. As
previous work in MWT has shown that thermal noise does
not affect reconstruction quality as much as the mismatch
between the true experiment and the inverse model, we did
not include noise in the CST data, to focus on the effect of
the model mismatch errors [11], [43]. To compare the quality
of the reconstructed images we calculated the relative errors
of the permittivity and conductivity in the target area at each
iteration, as follows:

errorpermittivity = ”‘?origina“l — Erecaﬁsztructeduz (2)
€original

2
” Ooriginal — Oreconstructed H

3)

€rroY conductivity = HO- H2
original

A. RECONSTRUCTIONS WITH CST DATA

Two CST simulations were conducted to acquire the scattered
field data, with and without the target. The dielectric
properties of each tissue were imported from the CST
library. Specifically for the ischemic target, as there are
not frequency-dependence reported values in the litera-
ture, we used our measured dielectric properties reported
at [18].
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Fig. 11 and Fig. 12 present the reconstructed permittivity
and conductivity at four frequencies for the Zubal model of
Fig. 1 inside our prototype, in the presence of h-stroke and
i-stroke targets. More specifically, Fig. 11 shows the recon-
structed permittivity and conductivity for the 2-D version
of DBIM-TwIST, while Fig. 12 shows the equivalent recon-
structed dielectric properties for the 3-D version. Overall,
more accurate results are produced for the lower frequencies
of 0.9 and 1.0 GHz, and artifacts increase significantly for
frequencies above 1.0 GHz. This can be attributed to the
increased non-linearity of the EM inverse scattering problem
in higher frequencies, where multiple scattering effects
become stronger. To include higher frequencies for enhanced
resolution, a multiple-frequency inversion approach can be
adopted [43].

We also observe that there is a clear distinction in the
estimation of the permittivity for the two targets for both
versions of the code. For 2-D DBIM-TwIST, the results of
Fig. 11 estimate the value of permittivity ¢ at 1.0 GHz as
€/ = 50.31 and € = 43.15 for hemorrhagic and ischemic
stroke, respectively. For the 3-D DBIM-TwIST, Fig. 12
shows that the equivalent values of permittivity are ¢ =
61.58 and €’ = 28.52, respectively. We also observe that 3-D
DBIM-TwIST estimates more accurately the reconstructed
values for the target area. The equivalent reconstructions of
Fig. 11 reveal that we are not able to successfully detect the
target from the conductivity reconstructions. The quality of
conductivity reconstructions improves using the 3-D DBIM-
TwlIST algorithm, for which the reconstructed conductivity
values are significantly different for the two stroke-type
targets.

B. RECONSTRUCTIONS WITH EXPERIMENTAL DATA
Fig. 13 and Fig. 14 present complex permittivity reconstruc-
tions in the presence of the hemorrhagic or ischemic stroke
target, using measured data and the 2-D and 3-D DBIM-
TwIST, respectively. These images suggest that we are able
to detect and estimate the dielectric properties of h-stroke for
both versions of the algorithm. The 3-D DBIM-TwIST recon-
structions of the permittivity have more artifacts that could
be misleading regarding the target location in the absence
of a-priori information. Interestingly, the 3-D version of the
algorithm leads to conductivity reconstructions with less arti-
facts than the equivalent permittivity results for the h-stroke
case at lower frequencies. Permittivity values at 1.0 GHz
are € = 51.6 and € = 61.57, for the 2-D and 3-D DBIM-
TwIST respectively. However, we observe artifacts in the
reconstruction images for reconstructions with the ischemic
stroke. More specifically and as shown in Figs. 13(i)—-13(1)
and Figs. 14(i)-14(1), we are able to detect an area with val-
ues lower than the average brain, which is close to the target
area. There is an offset, however, between the location of the
real and the detected target. The results in Figs. 13(m)—13(p)
and Figs. 14(m)-14(p) for the conductivity reconstructions
reveal similar tendencies.
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FIGURE 11. First row: CST reconstructed results of the permittivity for h-stroke using 2-D DBIM-TwIST; Second row: CST reconstructed results of the conductivity for h-stroke
using 2-D DBIM-TwIST; Third row: CST reconstructed results of the permittivity for i-stroke using 2-D DBIM-TwIST; Fourth row: CST reconstructed results of the conductivity for

i-stroke using 2-D DBIM-TwIST.

The dielectric difference observed between the i-stroke
and the white matter is less than the dielectric differ-
ence between the h-stroke and the white matter, resulting
in a more complex brain structure. In addition, differ-
ences between our experimental model and the FDTD
forward model, in combination with different software envi-
ronments, result in significant model mismatch. Overall,
both 2-D and 3-D algorithms have detected accurately
the h-stroke, although we observe more artifacts for the
3-D version. Overall, experimental measurement errors
lead to less accurate reconstructions than their CST
equivalent.

The error metrics calculated by (2) and (3) can be used
to evluate the accuracy of the reconstruction. These errors
are summarized in Tables 3-6. We observe that relative
errors fall below 1 for all cases except from the conductivity
errors of the 2-D i-stroke cases, as well as the 3-D i-stroke

VOLUME 3, 2022

TABLE 3. Relative errors of the permittivity in the target area for the 2-D examined
scenarios.

09 GHz | 1.0 GHz | 1.1 GHz | 1.2 GHz
CST h-stroke | 0.2051 0.1877 0.2259 0.2121
CST i-stroke 0.7853 0.7595 0.7843 0.8303
Exp h-stroke 0.1951 0.1929 0.1944 0.1460
Exp i-stroke 0.8613 0.8524 0.8465 0.8414

scenarios, where image artifacts are dominant. The high
conductivity errors for the 2-D experimental i-stroke sug-
gest that the estimation of the target is not accurate. This
is due to an offset between the real and the reconstructed
target area for the experimental i-stroke reconstructions.
The lowest values are observed for the cases of 2-D and
3-D h-stroke with CST data, at 1 and 0.9 GHz, respec-
tively. Comparing all the images, these are the scenarios
with the best estimated reconstructed target and the weakest
artifacts.
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FIGURE 12. First row: CST reconstructed results of the permittivity for h-stroke using 3-D DBIM-TwIST; Second row: CST reconstructed results of the conductivity for h-stroke
using 3-D DBIM-TwIST; Third row: CST reconstructed results of the permittivity for i-stroke using 3-D DBIM-TwIST; Fourth row: CST reconstructed results of the conductivity for

i-stroke using 3-D DBIM-TwIST.

TABLE 4. Relative errors of the conductivity in the target area for the 2-D examined
scenarios.

09 GHz | 1.0 GHz | 1.1 GHz | 1.2 GHz
CST h-stroke 0.4717 0.4586 0.4195 0.477
CST i-stroke 1.68 1.66 1.33 1.601
Exp h-stroke 0.4644 0.4687 0.4750 0.4595
Exp i-stroke 1.4939 1.4937 1.5228 1.624

TABLE 5. Relative errors of the permittivity in the target area for the 3-D examined
scenarios.

09 GHz | 1.0 GHz | 1.1 GHz | 1.2 GHz
CST h-stroke 0.1236 0.1271 0.244 0.1906
CST i-stroke 0.9714 1.0099 1.3393 1.2201
Exp h-stroke 0.096 0.1081 0.1241 0.1277
Exp i-stroke 1.4114 1.3885 1.3826 1.29

V. CONCLUSION
We have examined the performance of a MWI setup for
the problem of brain stroke detection and differentiation,
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TABLE 6. Relative errors of the conductivity in the target area for the 3-D examined
scenarios.

09 GHz | 1.0 GHz | 1.1 GHz | 1.2 GHz
CST h-stroke 0.4524 0.438 0.373 0.4482
CST i-stroke 2.2492 1.7673 1.7737 3.09
Exp h-stroke 0.6892 0.6587 0.6166 0.4834
Exp i-stroke 2.7054 2.7975 3.1453 3.1617

using the 2-D and 3-D DBIM-TwIST algorithm and a novel,
anatomically accurate, multi-layer head phantom. We called
this a Zubal model, as it extends a slice from the Zubal
numerical phantom to create 3-D moulds that can be com-
bined to construct the final phantom. We note that the
phantom is an extended 2-D cut of the head surrounded
by a 2-D configuration of antennas, which was confined to
a ring by our experimental setup. This phantom and antenna
configuration allow a 2-D inversion to produce results of
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FIGURE 13. First row: Experimental reconstructed results of the permittivity for h-stroke using 2-D DBIM-TwIST; Second row: Experimental reconstructed results of the
conductivity for h-stroke using 2-D DBIM-TwIST; Third row: Experimental reconstructed results of the permittivity for i-stroke using 2-D DBIM-TwIST; Fourth row: Experimental

reconstructed results of the conductivity for i-stroke using 2-D DBIM-TwIST.

comparable accuracy. However, it is still critical to validate
the 3-D algorithm for such scenarios by comparing with 2-D
images, and this has been the main objective of this study. In
our next experiments, we will extend the brain phantom to
include a variation in the third dimension, and our antenna
array will contain more than one ring. Preliminary simplified
simulations of this scenario in Section III have shown the
superior performance of the 3-D algorithm.

The phantom mimics the high dielectric difference in the
brain tissues by comprising gelatine-based phantoms that
mimic the dielectric permittivity of various head tissues.
Importantly, we used a construction process that eliminates
the presence of plastic in the phantom, which would distort
the signals processed by our algorithm.

We placed the phantom in our experimental prototype
as well as in a CST model that simulates the experiment.
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CST simulation results indicated that we are able to
successfully localize and differentiate stroke targets by
estimating their dielectric properties. Our measured data
reconstructions confirmed that stroke detection and differen-
tiation are more challenging with experimental data. Results
for the hemorrhagic-like target were more accurate than for
the ischemic-like target as the latter has a lower dielectric
contrast with the surrounding brain matter. In accordance
with previous work [18], we observed that permittivity
estimation is more accurate than conductivity estimation.
Importantly, we also observed that the differences in the
dielectric estimation of i-stoke and h-stroke targets is higher
if reconstructions are performed with the 3-D DBIM-TwIST
algorithm.

We also note that our calibration method relies on the sig-
nal difference between the experimental and the simulated
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FIGURE 14. First row: Experimental reconstructed results of the permittivity for h-stroke using 3-D DBIM-TwIST; Second row: Experimental reconstructed results of the
conductivity for h-stroke using 3-D DBIM-TwIST; Third row: Experimental reconstructed results of the permittivity for i-stroke using 3-D DBIM-TwIST; Fourth row: Experimental

reconstructed results of the conductivity for i-stroke using 3-D DBIM-TwIST.

NT scenarios. As an exact NT model is not realistic for clin-
ical scenarios, we aim to further examine if calibrating with
an accurate approximate NT scenario compared to a full NT
scenario is feasible. Our recent work at [54] has examined
what prior knowledge is needed to successfully differen-
tiate the two types of the stroke when using a complex
model, and whether an improved forward model could pro-
duce better image quality. Our early results indicated that the
addition of thin head layers in the forward model is not criti-
cal for the successful reconstruction of the target’s dielectric
properties.

The purpose of this study was to experimentally vali-
date our 2-D and 3-D DBIM-TwIST algorithms for stroke
detection and differentiation, but also to further assess exper-
imentally the performance of the 3-D algorithm for the
examined application. For some of the studied scenarios, the
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2-D DBIM-TWIST can lead to more accurate reconstructions.
This is because the 2-D inverse problem approximates well
the 3-D problem in these cases, and it is less ill-posed than
the 3-D inverse problem as it contains a much smaller num-
ber of unknowns. However, and as showed by our numerical
results with 2 rings of antennas and a smaller target placed
between the two rings, the 3-D inverse algorithm can provide
more accurate results for problems with significant varia-
tion along all three dimensions, as can be the case of brain
imaging.

Our future work will focus on improving the system’s
performance by using tools such as frequency hopping,
optimization of the initial guess through a two-step recon-
struction process. These tools have shown to be very
effective in previous work in microwave breast imag-
ing [43]. Pre-processing methods to discard data which
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are

associated with measurement errors can also improve

performance [55], [56]. Furthermore, we aim to validate

the

DBIM-TwIST in more realistic scenarios using the

Zubal model, where targets of different sizes are located
in various positions and not aligned with the antenna
height.
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